This study examines the effects of middle cerebral artery (MCA) occlusion in the rat on blood to brain glutamine transport, a potential marker of early endothelial cell dysfunc tion, It also examines whether the effects of ischemia on glu tamine transport are exacerbated by hyperglycemia, In pento barbital-anesthetized rats, 4 hours of MCA occlusion resulted in a marked decline in the influx rate constant for [14C]L_ glutamine from 16,1 ±
ischemic core but had no effect on the contralateral tissue. The effects of hyperglycemia on glutamine transport in the ischemic tissue were associated with a decline in plasma volume, which may ret1ect either endothelial cell swelling or plugging of the microvasculature. The reduction in glutamine transport during ischemia was progressive, but even as early as 1 hour, there was a 60% and 40% decline in influx in hyperglycemic and normoglycemic rats, respectively. The fall in e4C]L-glutamine influx may reflect a dissipation of the endothelial cell [Na+] gradient. A decline in this gradient would affect many blood brain barrier transporters with potentially deleterious effects on the ischemic brain. Key Words: Cerebral ischemia-Blood brain barrier-Glutamine-Cerebral blood flow-Cerebral blood volume-Hyperglycemia. tamine transport during cerebral ischemia is important because glutamine is the most prevalent amino acid in blood and CSF and it is the major precursor of the ex citatory amino acid glutamate. An alteration in Na + dependent transport at the BBB during ischemia would be important as a diverse group of transporters rely on the endothelial Na + gradient (e.g., Betz and Goldstein, 1978; Kollros et aI., 1990; Pardridge et aI., 1994; Taya rani et aI., 1987) .
In addition, this study examines whether the changes in blood to brain glutamine transport during focal cere bral ischemia are exacerbated by hyperglycemia. Many studies have found that hyperglycemia increases brain injury after ischemia with reperfusion. Data suggest that cerebrovascular dysfunction may contribute to this ad verse effect because hyperglycemia leads to reduced CBF and greater BBB breakdown during reperfusion (Dietrich et aI., 1993; Ginsberg et aI., 1980; Venables et aI. , 1985) . In contrast, the cerebrovascular effects of hy perglycemia during ischemia are uncertain. Measure ments of CBF during ischemia have not shown a clear difference between hyperglycemic and normoglycemic animals (Venables et aI., 1985) , but we have recently found a marked (50%) reduction in cerebral t;llasma ,,01-ume after middle cerebral artery (MeA) occlusion in hyperglycemic rats (Kawai et aI., 1997c) . The latter sug gests that hyperglycemia does alter the cerebrovascula ture during ischemia, a possibility further examined by the present measurements on blood to brain glutamine transport.
Abstracts on part of this work have previously been published (Kawai et aI., 1997 (Kawai et aI., a, 1997 Keep et aI., 1997b) .
MATERIALS AND METHODS

Animal preparations and experimental protocols
All procedures were approved by the University Committee on Use and Care of Animals at the University of Michigan.
Adult male Sprague-Dawley (Charles River, Portage, MI, U.S.A.) rats weighing between 250 and 300 g were used for all experiments. Rats were allowed free access to food and water before the experiments. In a first group of experiments, the effect of MCA occlusion was examined in rats anesthetized with sodium pentobarbital (50 mg/kg) or with xylazine (10 mg/kg) and ketamine hydrochloride (50 mg/kg). The MCA was occluded using the suture method based on the surgical inser tion of a nylon monofilament (3-0) through the external carotid artery (Long a et aI., 1990) . These rats were used to determine either cerebral plasma, red blood cell volume, BBB glutamine transport, or CBF at either I, 2, or 4 hours after occlusion.
Cerebral blood flow was determined using 4- [N-methyl-'4C] iodoantipyrine.
In the second group of experiments, rats were anesthetized with sodium pentobarbital (50 mg/kg), and acute hyperglyce mia was induced by intraperitoneal administration of 2 mL of 50% D-glucose solution 20 minutes before MCA occlusion.
Because of a small increase in plasma osmolality (approxi mately 20 mOsmlkg) after glucose injection, normoglycemic controls received a similar osmotic load of 18% D-mannitol solution. The effects of blood glucose were also examined by administering insulin (3 U/kg intraperitoneally) 60 minutes be fore xylazine-ketamine anesthesia to prevent the hyperglyce mia normally associated with this anesthesia.
In all animals, body temperature in anesthetized rats was maintained at 37°C using a rectal thermometer and a feedback controlled heating pad. Cannulas (PE-50) were placed in both femoral arteries for blood sampling and for measurement of blood pressure, and into a femoral vein for isotope injection.
Blood-brain barrier glutamine transport and cerebral plasma volume measurement
The permeability of the BBB to e4c]L-glutamine was as sessed by a modification of the method proposed by Ohno et al. (1978) for a single time point analysis as previously described (Stummer et aI., 1995) . A bolus of 0.2 mL saline containing 5 /-LCi [14C]L-glutamine was administered 5 minutes before de capitation of rats. After radioisotope injection, an arterial blood sample was continuously withdrawn at a constant rate to de termine the integral of plasma radioactivity. For the simulta neous determination of plasma volume, 20 /-LCi of eH]inulin was then injected into the femoral vein and allowed to circulate for 2 minutes. At the end of experiment, a terminal plasma sample was taken, and the rat was killed by decapitation. Brains were rapidly removed and separated into cortices and basal ganglia. Cortices were flattened on a piece of Parafilm and punches were made of ipsilateral and contralateral cortices to obtain tissue samples from the core of the MCA distribution, a J Cereb Blood Flow Metab, Vol. 19, No.1, 1999 ring of tissue surrounding these, hereafter called the interme diate zone, and the remainder of the cortex, hereafter called the outer zone, as described previously (Menzies et aI., 1993) .
Samples were immediately weighed and digested in methyl benzethonium hydroxide. Scintillation fluid was added to the brain and plasma samples and radioactivity was counted using a Beckman 3801 liquid scintillation counter (Fullerton, CA, U.S.A.).
The permeability of e4C]L-glutamine was assessed using a two-compartment model for blood to brain transfer (Ohno et aI., 1978) . The rate constant for unidirectional uptake (K) re lating the brain concentration of tracer over time to the arterial plasma concentration can be defined as (1) where Cev(T) is the terminal (time = T) concentration of ex travascular tracer in either the brain or CSF and f C adt is the integral of the arterial tracer concentration from time t = 0 to T. Cev(T) was calculated from total tracer counts Ctot(T) in the brain samples, final tracer plasma concentration Cpl(T), and plasma volume PV as (2) There are several points that should be addressed before trying to measure an influx rate constant for a compound such as [' 4C]L-glutamine. In particular, is [14C]L-glutamine the com pound being transported, is the uptake of tracer unidirectional, and is plasma the source of isotope being taken up into brain or do erythrocytes also act as a source. Several pieces of evidence indicate that e4C]L-glutamine is the transported compound (al though once into brain it is converted into several different compounds). We have examined plasma from rats injected with [14C]L-glutamine with paper chromatography using n butanol:water:acetic acid (12:5:3) as the solvent. Using this method it appears that 92% and 88% of the isotope in plasma is still in the form of ['4C]L-glutamine at I and 5 minutes, respectively. There is conversion of L-glutamine into L glutamate, but even by 5 minutes this conversion is less than 10% (Dierks-Ventling et a!., 1971), and in our experiments about 75% of isotope entry occurs within the first minute.
Conversion to the slowly transported L-glutamate will, there fore, not apparently be enough to seriously affect the reported results. L-Glutamine can be converted into glucose intracellu larly, but the rate of appearance of 14C-glucose in rat plasma after [,4C]L-glutamine injection is very low (Aikawa et aI., 1973) . The values obtained for Ki in vivo are similar to those obtained using in situ perfusion in which the perfusate is directly infused into the cerebrovasculature and is not subject to metabolism by intestine, kidney, liver, and skeletal muscle.
In preliminary experiments, the unidirectionality of [14C]L_ glutamine uptake was examined in rats undergoing no MCA occlusion. There was no significant difference in the Ki deter mined by a 1-and 5-minute isotope circulation time (18 ± I and 18 ± 2 /-LL'g-"min-', respectively, n = 4). This indicates that there was no significant efflux from the brain during these time points and, hence, unidirectional uptake was measured. In isch emic tissue, the Ki for [14C]L-glutamine is reduced, and there fore, efflux of isotope from the brain within 5 minutes is likely to be even less than in nonischemic tissue. The fact that the Ki for isotope entry did not vary from I to 5 minutes is also evidence that the presence of metabolites of ['4C]L-glutamine in plasma are not making a significant difference to the mea sured Ki because an increase in uptake with time would be expected if l14C]L-glutamine was being converted into a more permeable substrate, whereas decreases in uptake with time would be expected if the [14C]L-glutamine was being converted to a less permeable compound. In these preliminary experi ments, the uptake of e4C]L-glutamine into red blood cells was also examined. At the end of a 5-minute circulation, less than 0.5% of the isotope found in brain was present in red blood cells, an insignificant correction.
In one set of experiments the influx rate constants for [14C]L_ glutamine and [3H]taurine were determined in the same ani mals. That experiment was the same as for e4C]L-glutamine alone except the animals received a single injection of isotope (5 /-LCi e4C]L-glutamine and 15 /-LCi [3H]taurine) 5 minutes before decapitation and the plasma volume correction was de termined in another group of rats.
Cerebral red blood cell volume measurement
The effect of MCA occlusion on cerebral red blood cell volume in controls and hyperglycemic rats was determined with red blood cells tagged with chromium 51 using a method described in detail previously (Keep et aI., 1995) . In brief, l.5 mL of blood from a donor rat was washed and centrifuged, and the packed red blood cells were incubated with 100 /-LCi of 51Cr
for 1 hour at 37°C. The labeled red cells were then washed and kept on ice. Just before use, a 200-/-LL aliquot of cells was resuspended with 100 /-LL phosphate-buffered saline; this solu tion was injected into the femoral vein and allowed to circulate for 2 minutes. At the end of experiment, a terminal arterial blood sample was withdrawn and the animal was decapitated.
Brain sampling and preparation were as for the cerebral plasma volume experiment. Whole blood samples were bleached with 30% H202 before counting. The cerebral red blood cell volume for each sample was calculated as (dpmJg brain) x (systemic hematocrit)/(dpmJmL whole blood).
Cerebral blood flow measurement
Cerebral blood flow was measured by the indicator fraction ation technique (Van Uitert and Levy, 1978) using 10 /-LCi of 4-[N-methyl-14C]-iodoantipyrine as a blood flow marker. This method has been described in detail previously (Kawai et aI., 1997c) and used a bolus injection of isotope and a lO-second circulation time.
Statistical analysis
Comparisons between ipsilateral and contralateral tissues were by paired t test. Influx rate constants, blood volumes, or CBF in normoglycemic and hyperglycemic rats were compared by unpaired t test. Values at different time points were com pared by analysis of variance (ANOVA) with Newman-Keuls multiple comparison test. Differences were considered to be significant at the P < 0.05 level. All values are presented as means ± SD.
RESULTS
Physiologic parameters
Physiologic parameters from the rats are given in Table 1 . Most physiologic parameters were similar be tween pentobarbital-and xylazine-ketamine-anesthetized rats. One exception was that the xylazine-ketamine anesthetized rats were moderately hyperglycemic com pared with pentobarbital-anesthetized control rats. Glu cose injection produced severe hyperglycemia at the time of MeA occlusion. However, the level of glycemia re turned to normal values within an hour. Both glucose and mannitol-injected rats displayed increased hemato crit and plasma osmolality.
Blood-brain barrier glutamine transport
Four hours after MeA occlusion, the Ki for glutamine in the contralateral cortex did not vary with the anes thetic agent used for the occlusion (Fig. 1) . With both anesthetics, the ipsilateral cortex showed a marked re duction in glutamine Ki (Fig. 1) , with the degree of re duction being greatest in the core of the MeA territory. The reduction in the core, however, was greater with xylazine-ketamine compared with pentobarbital anesthe sia (2. 6 ± l.l and 7.3 ± 2.5 fJL'g-I 'min-l , respectively; P < 0.01).
The greater decrease in glutamine Ki in the ischemic core of the xylazine-ketamine-anesthetized rats appears to be related to the hyperglycemia induced by this anes thesia because pretreatment of rats with insulin pre vented the increase in blood glucose (blood glucose at occlusion, 78 ± 13 mg/dL) and resulted in an ischemic glutamine Ki of 11.0 ± 5. 1 fJL'g-I 'min-l in the core of the MeA territory, which was significantly greater (P < 0.00 1) than that found without insulin (2.6 ± 1.1 /LL·g-l ·min-I ). Insulin did not affect the contralateral glutamine Kj• Whether hyperglycemia results in a greater reduction in glutamine Kj during ischemia was further examined in glucose-and mannitol-injected rats (Fig. 2) . Again, after 4 hours of ischemia, the ischemic tissue Ki was reduced in both sets of animals compared with the contralateral tissue (P < 0.001), but the reduction in glutamine Ki was significantly greater in the core of the MeA territory in the glucose-injected rats (P < 0.01). The Ki for glutamine in the contralateral cortex did not differ between the two sets of animals (Fig. 2) .
The time course of the decline in glutamine Ki in the core of the MeA territory was examined in the glucose and mannitol-injected rats. By I hour of occlusion, there was a reduction in the ischemic glutamine Ki in both groups of animals ( Fig. 3 ), but the reduction was again greater in the glucose-compared with the mannitol injected rats (61 % ± 11 % versus 42% ± 8%). The de crease in glutamine Kj in the ischemic core was progres sive, with the reduction in ischemic Ki being 86% ± 4% Experiments were in pentobarbital-anesthetized rats that re ceived either a glucose or a mannitol injection 20 minutes before occlusion. The values are means ± SO; n = 5 to 8. *** indicates a significant reduction in the ischemic tissue compared with con tralateral at the P < 0.001 level; tt indicates a significant differ ence between glucose-and mannitol-injected rats at the P < 0.01 level.
and 65% ± 9% by 4 hours in the glucose-and mannitol injected rats.
Blood-brain barrier glutamine and taurine transport
To better examine whether the ischemic changes in glutamine transport are related to previously reported changes in blood to brain taurine transport, the influx rate constants for glutamine and taurine were measured si- Values are means ± SO; n = 5 to 8; tt indicates a significant difference at the P < 0.01 level between glucose-and mannitol-injected rats; *** indicates a significant difference (P < 0.001 level) between ipsilateral and contralateral tissue.
GLUTAMINE TRANSPORT IN CEREBRAL ISCHEMIA
83 multaneously in xylazine-ketamine-anesthetized rats af ter 4 hours of MCA occlusion (Fig. 4) . These results from the core, intermediate, and outer zones demonstrate an apparently linear relation between glutamine and tau rine Ki•
Cerebral blood volume
The changes in glutamine transport during ischemia in mannitol-injected rats were not associated with a change in cerebral plasma volume. After 4 hours of ischemia none of the ipsilateral tissue samples differed signifi cantly in plasma volume from the contralateral cortex ( Fig 5) . However, in glucose-injected hyperglycemic rats, there was a marked reduction in plasma volume in the ischemic core after 4 hours (Fig. 5) . As with gluta mine transport, this effect of ischemia on plasma volume was progressive, with there being an 11 % ± 11 % reduc tion by 1 hour, but 27% ± 20% and 45% ± 13% reduc tions at 2 and 4 hours (the latter reductions being sig nificant at P < 0.05 and P < 0.01, respectively).
The reduction in cerebral plasma volume in the isch emic core of glucose-injected rats was matched by a decline in cerebral red blood cell volume. In the contra lateral core of the MCA territory, cerebral red blood cell volume was not significantly different between glucose and mannitol-injected rats 0.9 ± 0. 2 and 2.0 ± 0.2 /LLlg) after 4 hours of MCA occlusion. However, in the ipsi lateral ischemic core it was only 1.0 ± 0.4 /LLig in glu cose-injected rats compared with 1.8 ± 0.2 /LLig in man nitol-injected animals (P < 0.01). The percent reduction in cerebral red blood cell volume in the ischemic core (50% ± 15%) in glucose-injected rats was similar in magnitude to that found in cerebral plasma volume (45% ± 13%).
Cerebral blood flow
Cerebral blood tlow was examined in glucose-and mannitol-injected rats using 4-[N-methyl-14 C] iodoantipyrine. Contralateral hemisphere CBF 4 hours after MCA occlusion was not significantly different be tween the two glucose and mannitol groups (58 ± 10 and 58 ± 8 mL·100 g-l 'min-I , respectively) and although the CBF in the ipsilateral tissue was about half in glucose compared with mannitol-injected rats (7.5 ± 4.5 versus 14.7 ± 8.9 mL·100 g-I 'min-1 ), this did not reach signifi cance.
DISCUSSION
This study extends two previous observations on the effects of focal ischemia on the cerebrovasculature. We have found a reduction in the influx rate constant for glutamine at the BBB during MCA occlusion that is similar to that described earlier for taurine (Stummer et aI., 1995) . We have also found evidence that hypergly cemia exacerbates this reduction in glutamine transport indicating, as suggested by changes in cerebral plasma volume (Kawai et aI., 1997c) , that hyperglycemia has effects on the cerebrovasculature during ischemia as well as its known effects during reperfusion (Dietrich et aI., 1993; Ginsberg et aI., 1980; Kawai et aI., 1997c; Ven ables et aI., 1985) . 84 N. KA WAf ET AL.
Glutamine transport during ischemia
During MCA occlusion, we have previously reported a decline in blood to brain eH]taurine transport (Stummer et aI., 1995) . This was in contrast to previous studies on another amino acid, leucine, which has been examined during ischemia (Brust, 1991; Sage et aI., 1984) and anoxia (Betz et aI., 1975) . It was uncertain whether the reduction in taurine influx was caused by downregula tion of the taurine transporter, dissipation of the endo thelial cell Na + gradient that drives BBB taurine trans port, or loss of taurine from brain during ischemia caus ing an increase in plasma taurine concentration during passage through the ischemic brain and saturation of the taurine transporter. The reduction in influx did not ap pear to be related to a decline in the surface area of perfused capillaries as the decline in taurine uptake was much greater than a slight decline in the uptake of (X aminoisobutyric acid, an amino acid not transported from blood to brain (Stummer et aI., 1995) . We therefore ex amined whether there would be similar changes in the uptake of glutamine transport into brain because we have recently found that this uptake, like taurine, is Na + dependent and apparently mediated by system N (Keep et aI., 1997a) . The present study demonstrates that glu tamine transport, like that for taurine, is markedly re duced by MCA occlusion. After 4 hours of occlusion, there is no net loss of glutamine from the brain (ipsilat eral and contralateral glutamine brain concentrations: 25 ± 3 and 25 ± 2 /-lmol/g dry weight; Stummer and Keep, unpublished observations) . This suggests that changes in plasma glutamine concentration during the passage through the ischemic tissue is not the cause of the reduc tion in influx rate constant. In addition, when taurine and glutamine transport were measured simultaneously, there was a very close relationship between the decline in the influx rate constants for both amino acids during isch emia. Thus, unless both glutamine and taurine transport are regulated in exactly the same manner, it is unlikely that these changes in influx reflect downregulation of the respective transporters. In contrast, a dissipation of the endothelial [Na + ] gradient might be expected to have a similar effect on both taurine and glutamine transport, and this may be the cause of the marked decline in the influx rate constants for these two amino acids in the ischemic tissue. Leucine transport, if this explanation is correct, would not be expected to decline with ischemia because that amino acid is transported by the N a +independent system L (Smith, 1991) .
It is well known that neuronal and glial cell Na + gra dients dissipate during cerebral ischemia because of re duced A TP production, with subsequent failure of the cell membrane Na + /K + -ATPase, and the excitatory amino acid-mediated opening of nonselective cation channels. The effect of ischemia on the intracellular [Na + ] of the cerebral endothelial cells has not been de-J Cereb Blood Flow Metab. Vol. 19. No. I. 1999 termined. The effect of MCA occlusion on the influx rate constant for sodium 22 has been examined, and those studies have generally indicated a small stimulation dur ing ischemia (Betz et aI., 1994b) . However, the relation of this measure to intracellular [N a + ] is uncertain because of the potential role of active, facilitative, and diffusional (channel or paracellular) transport in Na + movement from blood to brain (Ennis et aI., 1996) .
The fall in blood to brain glutamine transport may have important consequences during ischemia. The plasma glutamine concentration in rat is about 500 /-lmoll L. Thus, with an influx rate constant of 16 /-lL·g-1 ·min-1 , glutamine influx is about 2 /-lmol/g wet weight over 4 hours. During ischemia in normoglycemic rats, this num ber fell to about 1 /-lmol/g whereas in hyperglycemia rats it fell to about 0.3 /-lmol/g. Considering that total brain glutamine content is only about 4.5 /-lmol/g wet weight (Clarke et aI., 1989) , this alteration in influx would result in a 20% to 40% reduction in brain glutamine during ischemia if glutamine efflux from the brain and gluta mine metabolism remained constant. The absence of any net loss of brain glutamine during MCA occlusion (see above) suggests that some of the net loss of brain gluta mate that occurs in MCA occlusion (Keep et aI., 1997b) may result from a net conversion to glutamine.
If there is a dissipation of the endothelial cell Na + gradient, its effects would not be limited to systems N (glutamine) and 13 (taurine) amino acid transport. So dium-dependent system A transport is present on the abluminal membrane of the BBB (Betz and Goldstein, 1978) . It maintains low brain extracellular concentrations of several amino acids that are neurotransmitter precur sors (Betz et aI., 1994a) . Thus, an alteration in the rate of system A transport may have adverse consequences for the brain and contribute to ischemic brain damage. Other non-amino acid transporters would also be changed. For example, cerebral endothelial cells have Na + /H + antiport (Ennis et aI., 1996) and Na + -dependent myo-inositol (Kollros et aI., 1990) , system ASC amino acid (Tayarani et aI., 1987) , and adenosine (Pardridge et aI., 1994) trans port, changes in which may adversely affect endothelial or parenchymal cell function.
Effect of hyperglycemia on glutamine transport during ischemia
Recently, we have noted a marked decrease (50%) in cerebral plasma volume during focal ischemia (MCA occlusion) in hyperglycemic but not normoglycemic rats (Kawai et aI., 1997 c) . This appears to indicate that there are cerebrovascular changes during the ischemic event in hyperglycemic rats. This hypothesis is supported by the present finding that the reduction in the influx rate con stant for glutamine during ischemia is further exacerbat ed in hyperglycemic animals. Yet to be determined is the extent to which cerebrovascular changes during ischemia partiCIpate in the known cerebrovascular dysfunction during reperfusion in hyperglycemic animals, including lower CBF, BBB disruption, and hemorrhagic conver sion (de Courten-Myers et aI., 1992; Dietrich et aI., 1993; Ginsberg et aI., 1980; Kawai et aI., 1997c; Venables et aI., 1985) .
The present study compares glucose-with mannitol injected rats. Because there is some evidence that man nitol may reduce ischemic brain damage (Little, 1978) , it was possible that rather than glucose enhancing the re duction in glutamine transport during ischemia it was mannitol lessening the reduction. However, the reduction in glutamine transport obtained in mannitol-injected rats in the ischemic core at 4 hours (35% ± 9% of contralat eral) was not significantly different from that obtained in pentobarbital-anesthetized rats receiving no mannitol (45% ± 14%). In addition, the reduction in glutamine transport observed in xylazine-ketamine-anesthetized rats, an anesthesia that induces hyperglycemia (Kawai et aI., 1997 c) , could be ameliorated by injection of insulin, again indicating that hyperglycemia modulates BBB glu tamine transport during ischemia.
Unlike the situation in normoglycemic rats, MCA oc clusion in hyperglycemic rats is associated with a fall in the plasma volume of the ischemic tissue. After 4 hours of MCA occlusion in rats in which hyperglycemia was induced by glucose injection or xylazine-ketamine an esthesia, there was a 50% reduction in plasma volume (Kawai et aI., 1997c) . There may be a relationship be tween this decline in plasma volume and the additional reduction in glutamine transport that occurs during isch emia in hyperglycemic rats as both changes occur over a similar time course. A disruption of the endothelial cell Na+ gradient would result in endothelial cell swelling and, potentially, a reduction in capillary luminal diam eter and thus a fall in plasma volume. In favor of this hypothesis, Paljarvi et aI. (1983) , examining the effect of acute hyperglycemia on endothelial cells after global ischemia and reperfusion. reported endothelial cell swell ing and decreased luminal diameter. Alternately, the cor relation between the decline in glutamine transport and that in cerebral plasma volume in hyperglycemic rats might reflect a partial failure of capillary perfusion. However, the extent to which plugging occurs in MCA occlusion is a matter of controversy (e.g., Buchweitz Milton and Weiss, 1988; Theilen et aI., 1994) . It has been suggested that during ischemia some vessels may be par tially occluded and allow plasma but not red blood cell flow. Our finding of an equal decrease in cerebral plasma and red blood cell volume suggests that any such partial occlusion is not a major factor in these volume changes.
Increased lactate production and decreased tissue pH have been proposed as the mechanisms by which hyper glycemia enhances parenchymal damage after cerebral ischemia. These factors may also play a role in the greater endothelial cell dysfunction described here in hy perglycemic rats.
In conclusion, this study demonstrates a major reduc tion in BBB glutamine transport during focal cerebral ischemia. Because major disruption of the BBB, as evinced by albumin entry, does not occur until after 6 hours of MCA occlusion (Menzies et aI., 1993) , these changes in transport are an early sign of BBB dysfunc tion during ischemia, a dysfunction that is enhanced by hyperglycemia.
